Chlamydomonas . The presence of calmodulin in the flagellum suggests that it is involved in one or more of the Ca'-dependent activities of this organelle.
linlike protein from Chlamydomonas and determined its distribution in various flagellar fractions. The protein appears to be a true calmodulin on the basis of several biological and biochemical properties . It occurs in the cell body, in the detergentsoluble membrane plus matrix fraction of the flagellum, and in the flagellar axoneme.
MATERIALS AND METHODS

Isolation of Cell and Flagellar Fractions
Chlanndomonas reinhardii (strain 1132D) was grown in synchronous cultures of up to 96 liters, and the cells harvested, washed, and detlagellated by the dibucaine procedure, all as previously described (45) . Subsequent operations were carried out at 4°C unless stated otherwise. The cell bodies were separated from the detached flagella by centrifugation at 1,7008 (IEC 253 head, 2.600 rpm) I-or 5 min . The pellet of cell bodies was used as the starting material for purification of calmodulin (see below) . The supernate. containing the flagella, was collected. underlavered with a cushion of 25'i sucrose in 10 mM HEPES, 5 mM MgSO and I mM DTT at pH 7.5 . and recentrifuged for 10 min at 2.750 g (IEC 253 head, 3,300 rpm) to remove any remaining cell bodies . The cell-free supernate from this centrifugation was then spun at 31,000 g (Sorval SS-34 rotor, DuPont Instruments-Sorvall, DuPont Co., Newton, Conn . . 16,000 rpm) for 20 min to pellet the flagella . For electrophoretic studies, the flagella were demembranated by resuspension in ice-cold I"f Nonidet P-40 (2 ml/ml packed cells) in HMDEK (30 mM HEPES, PH 7.5 at 23°C: 5 mM MgSO,: I mM DTT; 0.5 mM Na-EDTA: 25 mM KCI) . After 10-20 min at room temperature . the suspension was recentrituged as above: the resulting supernate, containing solubilized components of the flagellar membrane and matrix, and the pellet, containing demembranated axonemes . were prepared for SDS-gel electrophoresis . For studies on phosphodiesterase activation . theflagella were demembranated by treatment with 0.041" ( Nonidet in HMDEK and the suspension centrifuged as above. The 
Protein Determination
Protein in crude fractions was determined by the method of Bradford (5) using Bio-Rad Protein Assay Dye Reagent (Bio-Rad Laboratories. Richmond, Calif.) and bovine gamma globulin as a standard .
Amounts of purified Chlamydomonas calmodulin were determined by quantitative densitometry of Coomassie Blue-stained acrylamide gels using purified bovine brain calmodulin as a standard (41) . Gels were scanned directly with a Joyce-Loebl microdensitometer (Joyce, Loebl and Co . . Ltd ., Gateshead-on-Tyne, England) and peak areas of the tracings measured with a planimeter.
RESULTS
Purification of Calmodulin from Chlamydomonas
A number of antipsychotic drugs bind to calmodulin with high affinity (see reference 43 for review) ; this binding, which is highly selective, dependent upon Ca" at neutral pH, and readily reversible by addition of EGTA, has been used as the basis for purification of calmodulin from a number of sources by affinity chromatography (11, 25) . To determine if calmodulin could be purified from Chlamydomonas by affinity chromatography, an extract prepared from Chlamydomonas cell bodies was applied to a fluphenazine-Sepharose 4B column in the presence of 1 mM CaCl, With continued washing of the column, most of the applied protein was eluted, and the absorbance of the eluant dropped to zero (Fig . 1 ) . When buffer containing EGTA was then applied to the column, a small peak of protein was eluted . Fractions from this peak contained a single low molecular weight polypeptide that closely resembled bovine brain calmodulin in its electrophoretic mobility (Fig. 1, inset) . This protein was not detected in the main (nonbound) protein peak or in fractions between the two peaks .
Based on quantitative densitometry of SDS-acrylamide gels, approximately 0.55 mg of calmodulin was obtained from -80-ml packed cells .
Heat Stability and Phosphodiesterase Activation
Two distinguishing features of calmodulin are heat stability and the ability to activate cyclic nucleotide phosphodiesterase in a Ca"-dependent manner (12) . To determine if these were also properties of Chlamydomonas calmodulin, the activity of calmodulin-depleted bovine brain phosphodiesterase was assayed in the presence of various amounts of the Chlamydomonas protein, which had been incubated for 2 min at 100°C . Chromatography of a Chlamydomonas extract on a fluphenazine-Sepharose column . 25 ml of extract containing 212 mg protein (obtained from -50 ml packed cells) was applied to the column commencing with fraction 1 . The column was then washed with 10 mM HEPES, 1 mM CaC12, 0 .5 M NaCl, pH 7 .0 . Beginning with fraction 191 (arrow), the column was washed with 10 mM Tris, 10 mM EGTA, pH 8 .0. 1-ml fractions were collected . The specific activity of the purified Chlamydomonas calmodulin was 33,000 U/mg .'
Effect of Ca" on Electrophoretic Mobility
Recently, Burgess et al . (9) reported that the electrophoretic mobility of bovine brain calmodulin in SDS-polyacrylamide gels varied depending on whether electrophoresis was carried out in the presence or absence of Ca"; this behavior apparently reflected the ability of calmodulin to bind Ca" in the presence of SDS. To determine if Ca" would also induce a change in the mobility of Chlamydomonas calmodulin in SDS-polyacrylamide gels, the protein was electrophoresed after addition of either 1 mM Ca" or 1 mM EGTA to the sample buffer . As can be seen in Fig. 3 , both bovine brain calmodulin and Chlamydomonas calmodulin migrated faster in the presence of Ca" than in its absence. In the presence of 1 mM Ca", brain and Chlamydomonas calmodulins had apparent molecular weights of 18,000 and 17,500, respectively; in the absence of Ca", their respective apparent molecular weights were 19,400 and 19,600 .
Presence of Calmodulin in Flagella
The fact that Ca" changes the mobility of Chlamydomonas calmodulin in SDS-polyacrylamide gels can be used to identify tentatively this protein in crude preparations and cell fractions. Fig. 4 shows the results obtained when the axoneme and membrane plus matrix fractions of Chlamydomonas flagella were electrophoresed in the presence and absence of Ca". In ''One unit of calmodulin was defined as that amount which resulted in 50% maximum activation of a standard preparation of calmodulindepleted phosphodiesterase .
766 THE JOURNAL Or CELL BIOLOGY -VOLUME 87, 1980 the presence of Ca", a protein in the membrane plus matrix fraction very clearly comigrated with purified Chlamydomonas calmodulin at about 17,500 daltons; in the absence of Ca", this band completely disappeared and a new band appeared which coelectrophoresed with purified calmodulin at 19,600 daltons. Similarly, the flagellar axoneme contained a protein which comigrated with Chlamydomonas calmodulin under both conditions ; however, calmodulin in this fraction was less obvious because of the presence of other proteins migrating in the same areas. A Ca"-induced shift in mobility was not observed in any of the other proteins resolved in these fractions. Phosphodiesterase activity is expressed as micromoles cGMP hydrolyzed per minute-milliliter of phosphodiesterase (12 .5 mg protein) .
FIGURE 3 SDS-polyacrylamide gel electrophoresis of Chlamydomonas calmodulin (C), bovine brain calmodulin (8) , and protein standards (S) after addition of 1 mM Ca ++ or 1 mM EGTA to samples . Standards were cytochrome c (11,700), ß-lactoglobulin (18,400), and carbonic anhydrase (29,000) . The faint bands that migrated slightly behind both Chlamydomonas and bovine brain calmodulin appeared upon storage of the samples . 
Activation of Phosphodiesterase by Flagellar Fractions
To confirm that the flagellar fractions contained calmodulin, the isolated axoneme and membrane plus matrix fractions were heated at 100°C for 2 min and then tested for their ability to activate calmodulin-depleted phosphodiesterase. As shown in Fig. 5 , the heat-treated axoneme fraction stimulated the phosphodiesterase activity to the same extent as bovine brain calmodulin; this activation was dependent upon Ca" and inhibited by 60 AM fluphenazine . Assuming that the calmodulin in the axonemes activated phosphodiesterase with the same efficiency as purified brain calmodulin or Chlamydomonas cell body calmodulin, then the isolated axonemes contained -3 hg of calmodulin/mg protein. Likewise, the membrane plus matrix fraction activated phosphodiesterase to the same extent as brain calmodulin, and this activation was also inhibited by EGTA or 60 AM fluphenazine (results not shown) . The membrane plus matrix fraction contained -6 Ag calmodulin/mg protein. Calmodulin appeared to be almost equally distributed between the axoneme and membrane plus matrix fractions; this distribution was not altered when demembranation was carried out in the presence of EGTA instead of EDTA .
Comparison of Calmodulin and Low Molecular Weight Subunits of Dynein ATPases
Jamieson et al . (26) found that calmodulin was present in partially purified preparations of Tetrahymena dynein . Dyneins followed by sucrose density gradient centrifugation contain several low molecular weight subunits of approximately the same size as calmodulin (33 and footnote 1) ; to investigate the possibility that one of these subunits might actually be calmodulin, we compared the electrophoretic mobility of these polypeptides with that of purified Chlamydomonas calmodulin . As can be seen in Fig. 6 , calmodulin coelectrophoresed with one of the low molecular weight subunits of 18S dynein in the presence of Ca". However, the mobility of this component did not change in the absence of Ca", indicating that this polypeptide is not identical with calmodulin.
DISCUSSION
In the present study, we found that fluphenazine-Sepharose affinity chromatography of an extract of Chlamydomonas cell bodies yielded a single polypeptide which was remarkably similar to mammalian calmodulin in all physical and biochemical properties investigated . These similarities included (a) reversible, Ca"-dependent binding to the phenothiazine fluphenazine, (b) Ca"-dependent activation of cyclic nucleotide phosphodiesterase, (c) heat stability, and (d) electrophoretic mobility in SDS-polyacrylamide gels in the presence and absence of Ca" . On the basis of these properties, we consider this protein to be a true calmodulin . This protein is probably the one previously detected in Chlamydomonas by means of a radioimmunoassay specific for calmodulin (10) . Although the radioimmunoassay of Chafouleas et al . (10) indicated significant levels of calmodulin in a supernate derived from a boiled sonicate of Chlamydomonas, they could detect no phosphodiesterase-stimulating activity in the same preparation . In contrast, we found that purified Chlamydomonas calmodulin activated bovine brain phosphodiesterase 10-to l 1-fold . The most likely explanation for the difference between 76 8
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-stable protein from bovine brain that inhibited cyclic nucleotide phosphodiesterase by binding to calmodulin ; a similar protein may occur in Chlamydomonas. Such inhibitors are likely to be calmodulin-activated enzymes or proteins whose functions have yet to be defined.
Burgess et al . (9) reported that bovine brain calmodulin migrated in SDS-polyacrylamide gels with an apparent molecular weight of 21,000 when the sample buffer, reservoir buffer, and gel all contained EGTA, and with an apparent molecular weight of 15,000 when the EGTA was replaced with Ca". We found that a Ca--induced shift in the electrophoretic mobility of calmodulin occured even if Ca" or EGTA were included in only the sample buffer . The shift under these conditions was smaller than that observed by Burgess et al . (9); however, changing the components of only the sample buffer permitted comparison of the mobilities of proteins in the presence and absence of Ca" in the same gel, and greatly facilitated comparisons of bands in crude fractions electrophoresed under the two conditions .
Our identification of calmodulin in the axoneme and membrane plus matrix fractions of the flagellum is based in part on our findings that these fractions contained a protein that comigrated with Chlamydomonas calmodulin in SDS-polyacrylamide gels in both the presence and absence of Ca". To the best of our knowledge, the large Ca"-induced shift in mobility exhibited by this protein is unique to calmodulin . It should be noted that three other Ca"-binding proteins-carp parvalbumen, troponin C, and bovine brain S-100b-undergo no change in electrophoretic mobility in SDS-polyacrylamide gels in the presence and absence of Ca" (9) .
Additional evidence for the presence of calmodulin in the flagellar fractions came from our findings that the heat-treated fractions activated cyclic nucleotide phosphodiesterase in a Ca"-dependent, fluphenazine-sensitive manner . Such a behavior in the phosphodiesterase assay is a distinguishing feature of calmodulin (46) . Both the electrophoretic data and the phosphodiesterase studies, therefore, clearly indicated that calmodulin was present in the axoneme and membrane plus matrix fractions. We do not yet know the exact location or locations of calmodulin within the flagellum. Interestingly, the fact that calmodulin appeared to be present in axonemes isolated in the presence of EGTA or EDTA indicates that some of the calmodulin remains bound to an axonemal component even in the absence of Ca". An analogous situation exists in the brush border of chicken intestinal epithelial cells, where calmodulin is tightly associated with the microvillus core in the absence of Ca" (23) .
Jamieson et al . (26) found that calmodulin was present in partially purified preparations of dynein from Tetrahymena ; more recently, these investigators have demonstrated that the dyneins of Tetrahymena contain a calmodulin binding site and are activated by calmodulin ." Chlamydomonas dyneins contain several low molecular weight subunits (33 and footnote 1) ; however, none of these comigrated with Chlamydomonas calmodulin in both the presence and absence of Ca", Calmodulin is, therefore, not associated with Chlamydomonas dynein as isolated by our procedures . This does not rule out the possibility that calmodulin may associate reversibly with the dyneins of this organism in situ. Alternatively, dynein in situ may be associated with a protein closely related to calmodulin which shares protein binding domains and functional properties with calmodulin . If stripped of that subunit in vitro, dynein might then bind and be activated by exogenous calmodulin . The subunit of the 18S dynein that coelectrophoresed with calmodulin only in the presence of Ca" might be such a protein. As noted above, other members of the troponin C superfamily of Ca" binding proteins do not exhibit the Ca"-induced shift in mobility in SDS-polyacrylamide gels (9) .
The occurence of calmodulin in the Chlamydomonas flagellum suggests that it is involved in the regulation of one or more of the Ca"-dependent phenomena that occur in this organelle. Further evidence for a possible role for calmodulin in these processes comes from a recent study of Hirschberg and Hutchinson (22) on the effect of chlorpromazine on the phototaxis and motility of Chlamydomonas. These investigators found that, at moderate light intensities, 61íM chlorpromazine caused a reversal in the direction of phototaxis and 50 /AM chlorpromazine completely inhibited motility. The latter effect occurred in that concentration range at which chlorpromazine binds to calmodulin and inhibits the activation of bovine brain phosphodiesterase (30, 43) and adenylate cyclase (8) ; inhibition of motility in Chlamydomonas may, therefore, have been a result of binding of the drug to calmodulin with a consequent effect on one of the enzyme systems involved in flagellar movement . Significantly, Reed and Satir' have recently found that 25 11M trifluoperazine reversed the Ca"-induced arrest of reactivated cilia of detergent permeabilized mussel gill lateral cells; this result strongly suggests that calmodulin is involved in the regulation of ciliary activity in these cells. Studies are currently ' Blum, J. J., A. Hayes, G. A. Jamieson, Jr ., and T. C. Vanaman. 1980 . Calmodulin confers calcium sensitivity on ciliary dynein ATPase . Manuscript submitted for publication. '' Reed, W., and P . Satir. Presence of calmodulin in gill cells of fresh water mussels. Manuscript submitted for publication. under way to determine if calmodulin has any direct role in either the motility or the Ca"-induced change in waveform of isolated, reactivated axonemes of Chlamydomonas (3) .
Chlamydomonas is one of the most primitive organisms from which calmodulin has been isolated . The fact that Chlamydomonas calmodulin is similar to or identical with mammalian calmodulin in all biochemical and biological properties tested, which include immunological cross-reactivity (10), phenothiazine binding, and activation of cyclic nucleotide phosphodiesterase, indicates that the structure of the protein has been very highly conserved throughout evolution . This is in good agreement with studies on the primary structures of calmodulin from two vertebrates (15, 21, 42 ) and a coelenterate (39) , and would be expected for a protein involved in multiple diverse functions of fundamental importance . Calmodulin is thought to be the most ancient of a number of related Ca"-binding proteins (13) ; it will, therefore, be particularly interesting to obtain information on the amino acid sequence of calmodulin from Chlamydomonas.
